Escherichia coli DNA was digested with restriction endonucleases BamHI, PstI, EcoRI, Sail, HindiII, Xhol, Bglll, Smal, Hpal and with selected double and triple combinations of the same enzymes. The digests were electrophoresed and hybridized with 32 P-labelled ribosomal RNA by using the Southern blotting technique. The resulting bands could be arranged into seven groups, and it was possible to construct a unique physical map of the seven rRNA genes (operons) of the bacterial chromosome. Mapping information obtained on several transducing phages and recombinant plasmids carrying rRNA genes, and mapping data published in the literature helped to determine the final map. The results suggest that phage A daroE152 carries a "hybrid" rRNA gene which was probably formed by recombination between two different chromosomal rRNA genes.
INTRODUCTION
The powerful technique known as Southern blotting (1) has been successfully used by several investigators to study the structure and organization of unique eukaryotic genes (2, 3, 4, 5) .
Here we report that by this method it was possible to determine the physical map of a group of redundant but scattered homologous genes, the transcription units (operons) coding for ribosomal RNA on the bacterial chromosome. We have shown earlier by using the Southern method that the number of such units is seven (6) . The same conclusion has been reached by Morgan et al. on the basis of the structural analysis of recombinant plasmids carrying rRNA genes (7) . In the following these units will be termed operons (not quite correctly) because each codes for three different stable rRNA and several tRNA species. They are designated rrnA, etc. till rrnG. The positions of six operons have been determined by genetic means. Several different rrn operons are available in the form of transducing bacteriophages, such as: X darol52 (8), X drif d 18 (9) , X d279rbs do), X dmetA20 (ll), and X dilv5 (10) . Table I . summarizes the nomenclature of these operons on the basis of the review of Nomura et al (12) . For the construction of the map presented below published data on these phages have also been used.
METHODS

Enzymes
All restrictrion enzymes were purified in this laboratory according to established protocols. Bglll (13) , Kpnl (14) , Pstl (14) , Xhol (15) , Sail (16) , Xbal (17) . Hpal, Smal, and Hindlll were purified according to unpublished methods provided by Dr. R.J.
Roberts. EcoRI and BamHI were purified as described in (18) by Dr. J. Stimegi.
DNA
For all experiments described here, the same batch of DNA was used, prepared from E.coli JC5466 (K12) as described earlier (19) . The defective transducing phages X drif d 18, X dilv5, and I is on the proximal part of X dilv5) \ daroE152 were grown, and their DNA purified as described in
Miller's manual (20) . Plasmid DNA was puriried by a rapid procedure involving hydroxylapatite chromatography (Udvardy et al. manuscript in preparation).
RNA 32 P-labelled ribosomal RNA was prepared from Escherichia coli MRE6OO by Dr. A. Udvardy as described (19) . For the preparation of 16S and 23S rRNA, the ribosoraal subunits were separated by repeated sucrose gradient centrifugation and rRNA was prepared from the purified subunits. Freshly prepared P-rRNA had a specific activity of about 10 cpm/ y g.
Digestion:
Usually 50 yg DNA was digested in 3OO v l volume at 37 °C in 10 mM tris-HCl pH 7.4, 10 mM MgCl 2 , 50 mM NaCl, 7 mM 2-mercaptoethanol. These conditions have been altered in the case of EcoRI (100 mM tris-HCl) and Sraa I (15 mM KC1 instead of NaCl, Blotting, hybridization and autoradlography It was carried out according to Southern (1), using
Sartorius nitrocellulose filters and Kodak X-Omat R film. The concentration of P-rRNA in the hybridization mixture varied between 0.5-1 yg/ml (in 2 x SSC). In experiments where separated 16S or 23S rRNA probes were used, the other ribosomal RNA species was added in 3-5-fold excess in unlabelled from as competitor.
RESULTS
As a first step to determine the physical map of all seven rRNA operonB of the E. coli chromosome, we wanted to know in great detail the structure of one of these operons, available on a transducing phage. Therefore the physical map of Adrif 18 (9) (rrnB) was determined with respect to cleavage by eleven restriction endonucleases: EcoRI, Sail, BamHI, PstI, Kpnl, Hpal, Hindlll, Xhol, Xbal, Bglll, and Smal, As part of this map has already been published with the full description of the methods employed (23), here we show only the final map (Pig.l.).
Further information was provided in the literature about the locations of several cleavage sites in and around operons rrnA and rrnE (7, 11) , rrnD (8, 25) , and rrnC (10) . These data are Part A. Mapping information published in the literature on transducing phages and recorabinant plasmids, carrying rRNA operons (7, 8, 10, 11, 24 cleaves once at the 647 base within the 16 S sequence, and Sail which cleaves at the 820th and the 873rd base of the 16S and 2.35kB downstream within the 23S sequence. This way most of the cleavage sites of those enzymes (BaraHI, PstI, Xhol) which do not cleave the operon can be located, and the BamHI, etc fragments assigned. All the fragments can be arranged in seven independent groups, each group corresponding to an rrn operon. Table II. illustrates part of the results, the molecular weights of the fragments shown on Fig.4 . and Fig.5 . arranged in seven columns.
After this arrangement has been completed each group of fragments was assigned to an operon on the basis of the phage and plasmid maps. Thus the second column is rrnB because the pattern is identical with that of phage Adrift. Plasmid pBK 17 also carries rrnB. The third column is rrnC, the map is identical with that of phage Xd279rbs and the distal half of Xdilv5. The first column can only be rrnA because in this operon the distal EcoRI site is at least 15kB away (7) . The fourth column is rrnD because the map is identical with the proximal half of the Table II XdaroEl52 phage. The distal part is different. In contrast, the map of plasmid pBK8 is entirely consistent with the data of the fourth column (Fig.6 .)-We conclude that plasmid pBK8 carries operon rrnD, whereas XdaroE152 is a "hybrid" like Xdilv5> a recombination product of rrnD and another operon. From the map it follows that this other operon corresponds to the seventh column.
The sixth column corresponds to the operon carried by the proximal part of the xdilv5 phage. rrnE must correspond to the fifth column because Kennerley et al. (27) reported that a phage carrying this operon does not have any horaology outside rrnE with any other phage or recombinant plasmid.
The resulting map of the seven ribosoraal RNA genes and their flanking regions is shown on Fig.7 . 
